Stripe rust caused by the fungus Puccinia striiformis f.sp. tritici (Pst) is a major constraint to wheat production worldwide. The molecular events that underlie Pst pathogenicity are largely unknown. Like all rusts, Pst creates a specialized cellular structure within host cells called the haustorium to obtain nutrients from wheat, and to secrete pathogenicity factors called effector proteins. We purified Pst haustoria and used next-generation sequencing platforms to assemble the haustorial transcriptome as well as the transcriptome of germinated spores. 12,282 transcripts were assembled from 454-pyrosequencing data and used as reference for digital gene expression analysis to compare the germinated uredinospores and haustoria transcriptomes based on Illumina RNAseq data. More than 400 genes encoding secreted proteins which constitute candidate effectors were identified from the haustorial transcriptome, with two thirds of these up-regulated in this tissue compared to germinated spores. RT-PCR analysis confirmed the expression patterns of 94 effector candidates. The analysis also revealed that spores rely mainly on stored energy reserves for growth and development, while haustoria take up host nutrients for massive energy production for biosynthetic pathways and the ultimate production of spores. Together, these studies substantially increase our knowledge of potential Pst effectors and provide new insights into the pathogenic strategies of this important organism.
Introduction
Stripe rust is an important agricultural disease that constitutes a major challenge to wheat production worldwide. The causal agent is the fungus Puccinia striiformis f.sp. tritici (Pst). In Australia, wheat stripe rust causes severe losses and is controlled mainly by fungicides, with about AUD$127 million expended per annum on chemical strategies [1, 2] . In a worldwide context, the disease has become increasingly important in the key wheat-consuming areas of North Africa, west and central Asia [3] , and China [4] , and in the U.S [5] where epidemics have caused huge yield losses since 2000. The economic importance of rusts derives from three main factors; the large extent to which they can reduce grain yield, their ability to spread rapidly and reach epidemic proportions under favorable conditions, and their rapid mutation to overcome host resistance genes [6] . Thus, understanding the molecular strategies used by Pst to cause disease is crucial for developing more effective control methods.
Rust fungi have the most complicated life cycles of all fungi [7] . Recently, the discovery of the alternate host of stripe rust has allowed classification of this pathogen as macrocyclic because it produces five types of spores during a complete life cycle, and heteroecious, because it requires two hosts for completion of the cycle [8] . Uredinospores produced during the asexual cycle are infectious on wheat, and multiple cycles of reinfection are possible during the growing season. Rust fungi, including Pst, are obligate biotrophic pathogens that require living tissue to develop and reproduce. The biotrophic interaction may be sustained over many weeks, with important implications for the pathogenic lifestyle. For example, such prolonged interaction is usually associated with changes in photosynthate translocation patterns within the plant [9] . The infection site becomes a nutrient sink allowing the parasite to exploit the plant's resources [10] . Plants constantly monitor their local environment and induce defensive responses against invasive microbes, including hypersensitive cell death that is antithetical to biotrophy. Thus the need to survive the inhospitable inner leaf environment while mining the available nutrients may encapsulate the major forces impacting the evolution of biotrophy [11] .
As an obligate parasite, Pst has adapted to source nutrients from living mesophyll wheat cells through a sophisticated cellular structure termed the haustorium [12] . This arises as a differentiation of the infectious hyphae and invades the host cell, however it is not located within plant cell per se but is separated from the host cytoplasm by an extrahaustorial membrane which is contiguous with the plant cell plasma membrane. The haustorium is thought to be the primary organ for nutrient transfer from the host cell to the fungal vegetative body [13, 14] . The space between the extrahaustorial membrane and fungal haustorial wall, called the extrahaustorial matrix, is enriched in carbohydrates with unknown function in parasitism [12] . Haustoria are not only feeding structures; they induce structural changes in the host cell including cytoskeletal rearrangements, nuclear migration and chromatin condensation [15] , and there is evidence that they influence host cell metabolism [16, 17] . Furthermore, they deliver essential virulence molecules called 'effectors' into the extrahaustorial matrix, several of which are subsequently translocated into host cells [18, 19] .
The effectors secreted by plant pathogens are believed to be essential to the parasitic lifestyle. Very little is known about the activities of plant fungal effectors, but broadly they are thought to manipulate the physiological and immune responses of host cells during infection [20] . Conversely, in certain cases the host has evolved to recognize effectors through the action of specific intracellular immune receptors. In this case, the recognized effector serves as a signal for the plant to induce defenses to block pathogen growth [21] . Historically, such effectors are termed avirulence (Avr) proteins.
The haustorium is a site of concerted host-pathogen interaction, and describing its functions is essential to understanding biotrophy. The presence of sugar transporters [14] and putative amino acid transporters [13, 22] within the structure implies an important role in fungal nutrient uptake. However, some other basic questions regarding the function of the haustorium have yet to be addressed. These include the identification of mechanisms for bidirectional transport (importation of nutrients and export of effectors and other molecules), the pathogen and host proteins specifically located at the haustorium-host cell interface, and the regulatory genes which specify haustorial identity.
The availability of genomic data for biotrophic organisms has increased dramatically in the last decade providing important insights into the infection strategies of these pathogens. The genome sequences for the plant pathogens Puccinia graminis f.sp tritici (Pgt), Melampsora larici-populina (Mlp) [23] and Blumeria graminis [24] share some evolutionary features of adaption to the extreme parasitic lifestyle, such as the loss of nitrate and sulfate assimilation pathways. Expressed sequence tag (EST) libraries have been generated for Pst [25, 26, 27] and other Puccinia species [28, 29, 30] , which have been useful for stage-specific expression analysis and gene prediction in genomes. However, the resolution power of these studies for completeness and comparison of transcript abundance between cell types is limited. Here, we have taken advantage of next generation-sequencing (NGS) technologies and haustoria purification methods [31] to broadly analyze gene expression in the germinated uredinospores (henceforth called ''germinated spores'')and haustorial stages of Pst. The results derived from 454 and Illumina-based transcriptome sequencing allowed the prediction of haustorial secreted proteins (HSP), a set of genes enriched in effector candidates found to be specifically-or highly-expressed in haustoria. Additionally, the comparison of the haustorial and germinated spores transcriptomes revealed fundamental metabolic differences between the two pathogenic stages.
Results and Discussion

454-pyrosequencing and Assembly
Transcriptomes corresponding to purified stripe rust haustoria and germinated spores were sequenced by single-read pyrosequencing on a 454 GS-FLX titanium platform (454). This produced 729,036 and 457,071 reads averaging 413 bp and 420 bp in length for haustoria and germinated spores, respectively. To remove contaminating wheat sequences from the haustoria data, the Pst-130 draft genome [32] , a draft genome of a local Pst isolate (Pst-104E137A-) (Jackson, Garnica, Foret, Rathjen and Studholme, unpublished data) and the germinated spore transcriptome generated in this study (Text S1 and Data S1) were used as references to extract fungal sequences. Since these references do not represent the complete Pst genome, the remaining unmapped reads were assembled de novo and the resulting contigs screened by BLAST search against the NCBI nucleotide and protein databases. The BLAST result was curated manually and contigs showing hits to plant genes were removed, while the remaining contigs were retained as novel transcripts not included in the draft genome assemblies. The filtered haustorial reads were then assembled de novo using CLC genomics (CLC Bio v3.9) resulting in 12,846 contigs representing the haustorial transcriptome. Assembled contigs ranged between 200 and 6,854 bp, with an average length of 704 bp (Data S2 and Figures S1, S2 and S3).
Putative Effector Candidate Genes Expressed in Haustoria
The haustoria contigs were analyzed using CLC genomics to identify all possible ORFs, which were further analysed with SignalP 3.0 [33] to predict secretion signal peptides (SP). We found 1,299 SP-encoding genes which were then filtered to include only those unique to a contig, or alternatively the largest SP-ORF within a contig. Proteins containing transmembrane domains (predicted using TMHMM 2.0 [34] ) or mitochondrial targeting signals (predicted using TargetP [35] ) were excluded. This left 437 haustorial secreted proteins (HSPs, Data S3). The predicted mature peptide sequences (minus the SP) were searched against the NCBI non-redundant protein database using BLASTx, and were additionally analysed with BLAST2GO (B2G) [36] for the presence of conserved InterProScan protein signatures. About 60% of these genes had no similarity to known genes at the level of e-val.10 225 . One hundred and five genes were similar to hypothetical proteins in Pgt, and four were similar to previously identified Pst secreted proteins [37] . Forty HSPs could be partially annotated with B2G, fifteen of which were classified as glycoside hydrolases from different families, especially family 18 (chitinase activity) and families related to plant cell wall degradation. Four HSPs were annotated as putative polysaccharide deacetylases (chitin deacetylases), and the rest were annotated as putative proteins participating in diverse cellular processes such as protein folding, proteolysis, oxidation-reduction, and regulation of transcription (Table S2 , HSPs). A further 35 HSPs contained conserved protein domains such as zinc finger domain, copper/ zinc binding domain, cupredoxin domain, barwin-like endoglucanase domain, NUDIX hydrolase domain, thaumatin and others. Most of these roles or domains have been identifed in other rust predicted secretomes [23, 38] , suggesting conserved roles in Pucciniales. Interestingly, Bhadauria et. al [39] recently reported a novel effector gene from Colletotrichum truncatum (CtNUDIX) that is exclusively expressed during the late biotrophic phase and elicits the hypersensitive response in tobacco leaves, suggesting that this effector could be important for the transition from biotrophy to necrotrophy, or alternatively is recognised by the tobacco immune system. A secreted protein from Pst containing a NUDIX domain could potentially regulate redox homeostasis. Nevertheless, as observed previously for rust fungi [38] , the absence of recognisable protein domains in candidate effector proteins is a common occurrence.
Genome and transcriptome sequencing of Blumeria graminis revealed that the most highly expressed candidate effector proteins contained a Y/F/WxC motif 1-30 aa after the predicted SP [24] . We identified 1 to 4 copies of this sequence motif in 124 of the 437 Pst HSPs, but the motif occurred within the first 30 aa for only 43 of these, which is similar to that number expected by chance (,32) . Thus similar to Pgt and Mlp [23] , this motif does not seem to define a major class of effectors in Pst. Further attempts to detect novel motifs using the MEME analysis module within CLC failed to identify other conserved sequences.
Extracellular proteins frequently contain elevated numbers of cysteine residues, which can participate in di-sulfide bonding to provide stability to the folded proteins in the protease-rich extracellular apoplastic space. Many known and predicted effector proteins from filamentous pathogens are small cysteine-rich proteins [17, 38, 40] . Analysis of the cysteine content of the predicted 437 HSP proteins revealed that 246 contained fewer than four, and 191 contained from 4-28 cysteines in the mature protein.
Validation of Haustorial Expression of Effector Candidate Genes
To validate the in silico predictions (ie to test that the genes are real, are expressed, of the expected size, and of Pst origin), 94 effector candidates were randomly chosen from the 437 HSP genes and tested for expression in vivo by non-quantitative reverse transcriptase-PCR (RT-PCR)( Figure 1A ). Primers were designed to amplify the full ORF excluding the SP-encoding sequence (Table S8 , RT-PCR primers). RNA samples were prepared from germinated spores, isolated haustoria, wheat tissue nine days after infection (dai, maximum number of haustoria before sporulation), and uninfected wheat tissue, and subjected to RT-PCR using effector-specific primers. Primer pairs for Pst b-tubulin or wheat specific genes served as a positive controls. Seventy one showed expression in isolated haustoria and infected wheat tissue, but no detectable expression in germinated spores, 22 showed expression in all tissues where the fungus was present, and one failed to amplify. Ninety one of the tested genes were confirmed to be of fungal origin in this assay as they were amplified from genomic DNA and/or spore cDNA. The remaining three genes were also confirmed to be fungal origin as they were identified in our draft genome of this isolate (Pst 104E137A-) (Jackson et. al. unpublished data) but were not amplified from genomic DNA because one or both primers span intronic regions. Cloning and Sanger sequencing of 25 candidate effectors confirmed that they corresponded to the sequence predicted from our 454 assemblies.
Digital Expression Analysis of Pst Transcriptomes
To compare gene expression between haustoria and germinated spores, we used Illumina RNAseq analysis to obtain statistically robust quantitative expression data. We first assembled a transcriptome reference gene set by de novo assembly of the combined germinated spores and haustorial 454 reads, giving a set of 12,282 transcripts (Table S1 , Transcripts reference set and Data S4). Three RNA samples comprising independent biological replicates were prepared for each tissue and sequenced by Illumina RNAseq analysis, giving a total of 500 million reads (Table S7 ). The Pst transcripts reference set was used as a template for digital differential expression analysis using the RNAseq tools from CLC genomics. Raw Illumina reads from each tissue were independently mapped against the reference set, and read counts were adjusted to reads per kilobase per million mapped reads (RPKM, [41] ), to facilitate the comparison of transcript levels assigned to each gene between samples. RPKMs were statistically assessed using Baggerley's test [42] (FDR corrected p-value less than 0.05) for each gene to determine differential expression between haustoria and germinated spores. A total of 4,346 transcripts were differentially expressed, revealing a clear difference between the transcriptional programs of germinated spores and haustoria (Table S1 and Figure 2 ).
Digital expression analysis based on Illumina sequencing also allowed us to quantify the level of expression of the 437 previously predicted HSPs (Table S2 , HSPs). All tested genes showed a very close correlation between the expression pattern detected with RT-PCR, and that predicted in silico (Table S2 , HSPs). Remarkably more than 85% of the HSPs were differentially expressed; 295 overexpressed in haustoria and 76 overexpressed in germinated spores. Strikingly, 40% of the HSPs overexpressed in haustoria showed no expression in germinated spores and 50% were ten or more times expressed in haustoria than in germinated spores, consistent with the idea that effectors play important roles during the biotrophic host-pathogen interaction ( Figure 1B ).
Functional Classification of Transcriptome Sequences
The transcripts in the reference set were categorised into functional classes using BLAST2GO to identify genes that encode proteins with known roles in cellular processes. Of this set, 4,485 transcripts could be unambiguously annotated. Using the list of the genes previously found to be differentially expressed, Fisher's exact test was applied to find functional categories over-represented in either developmental stage. The major functional categories are shown in Figures 3 and 4 . Broadly speaking, processes upregulated in germinated spores were representative of cell proliferation, such as cell cycle control and DNA and cell wall metabolism, whereas haustoria were more engaged in energy production and biosynthetic processes. Figure 3 refers to transcripts overexpressed in each tissue in the selected GO categories, whereas Figure 4 includes all transcripts classified under the selected GO categories and relative levels of expression were represented as colours. This is important because processes included within the same ontogenic category can have fundamentally opposed activities. We discuss the data in more detail with reference to fungal development and metabolism, below.
DNA replication and cell cycle. The two sampled tissues represent very different developmental stages, with germinated spores involved in growth and division, whereas the haustorial stage is terminally differentiated. Generally, transcripts classified into the categories of cell cycle, DNA replication and cell division were more highly represented in germinated spores (Figure 4) . Genes involved in DNA replication and cell division included DNA polymerase subunits and replication factors. Cell division genes were clearly enriched in germinated spores, consistent with the idea that haustoria are non-dividing fully differentiated cells. For example, cyclins (proteins that regulate cyclin dependent kinases (CDKs) to control cell division), cyclin-dependent kinases, cohesins (protein complexes that regulate the separation of sister chromatids during cell division), septins (GTP binding proteins that provide structural support during cell division and compartmentalize parts of the cell) and genes associated with the control of mitotic phase progression were all up-regulated in germinated spores ( Figure 4 and Table S6, HeatMap). Although the expression of these genes makes no implication about their function in vivo, because both positive and negative roles in control of cell cycle are possible, the observations suggest that active cell cycle regulation occurs in germinated spores. One of the most interesting transcripts found to be up-regulated in germinated spores encoded a protein similar to the cyclin-dependent kinase Cdk5 (PST79_11595). Flor-Parra et al. [43] found that the cyclin Pcl12 represents a polarity-and virulence-specific regulator in Ustilago maydis, complexing with the cyclin-dependent kinase Cdk5 for sustained polar growth [43] . Although we found no Pcl12 homologs in our data (nor in the Pst 130 draft genome [32] ), Pst encodes other cyclin-like proteins that might regulate Cdk5 function. Homologs of U. maydis cyclin genes B1 and B2 were also found to be highly expressed in Pst germinated spores, with the latter one of the most strongly up-regulated genes of this Primers were designed to amplify the full length gene sequence minus the signal peptide-encoding region. Pst 104E137A-genomic DNA, and cDNAs from germinated spores, isolated haustoria, infected wheat leaves, and uninfected wheat tissue were used as templates. Two expression patterns were obtained: 1. Expression only during the biotrophic phase (Pstv_3161-1), and 2. Expression during early and late stages of development (Pstv_7541-1). None of the tested effector candidates were amplified from uninfected wheat leaves. B. Number of HSPs showing digital expression patterns as shown. Overexpression was evaluated using Baggerley's test [42] , genes with a FDR corrected p-value less than 0.05, fold change .2 and a difference of at least 20 were considered to be significant. doi:10.1371/journal.pone.0067150.g001
category. The U. maydis genes are important in cell cycle regulation [44] , with mutants arrested after S phase, while overexpression of cyclin B2 generates cells with anomalous DNA content and premature entry into mitosis. In M. oryzae, degradation of the homologous cyclin B proteins, CYC1 and CYC2, is necessary for mitosis exit and pathogenesis [45] . The connections between cell cycle, morphogenesis and virulence seem to be important for this pathogen to colonise plant tissue, and this may also be the case for rust pathogens.
Four transcripts with similarity to septin genes (PST79_4650, PST79_4652, PST79_4126, PST79_582) were found in our data, three of which were up-regulated in germinated spores. Septins constitute a cytoskeletal structure that is conserved in eukaryotes [46] . In Saccharomyces cerevisiae, septins assemble as a ring that marks the cytokinetic plane throughout the budding cycle and this structure participates in different aspects of morphogenesis, such as cell polarity, localization of chitin synthesis, and the spatial regulation of septation [46] . Recently Dagdas et al. [47] showed that septin proteins in M. oryzae assemble in a ring-shaped structure at the base of the appressorium together with F-actin and other cytoskeletal components to provide rigidity and negative membrane curvature for protrusion of the penetration peg into the host. Although Pst often can form appressoria over stomata prior to leaf penetration, this is not strictly necessary as penetration can often occur without appresoria development. Thus the role of septins in leaf penetration remains to be established.
Cell wall modification enzymes. Cell walls are complex polysaccharide structures composed mainly of cellulose, hemicellulose and pectin in plants [48] , and chitin, glucans and other minor components in fungi [49] . Glycoside hydrolases (GH), polysaccharide lyases, and esterases are enzymes that allow formation, remodelling or degradation of cell walls and play a fundamental role in plant-fungal pathogen systems [50] . The battery of carbohydrate-modifying enzymes derived from plant pathogenic fungi can vary enormously according with the ecological niches occupied by different species. Recent genomic studies on plant fungal pathogens have shown that the number of GH genes correlates with the type of host interaction [23, 24, 51, 52, 53] . Biotrophic fungi seem to possess a reduced number of GH enzymes, consistent with the necessity of minimizing host cell wall damage to avoid triggering plant immunity [23, 24] . We found a total of 53 transcripts with similarity to GHs belonging to 18 different families that were expressed in Pst (Table S3 , General metabolism). The most abundant families were GH5, GH18 and GH47, which agrees with recent findings for Pgt and Mlp, where the GH5 and GH47 families were expanded [23] . Thirteen Pst GHs were similar to enzymes implicated in plant cell wall degradation and interestingly, of these two a-galactosidases (PST79_3645, PST79_3417) and three b-mannosidases (PST79_2043, PST79_8128, PST79_4682) were up-regulated in haustoria. This suggests a requirement for GHs for entry into plant tissue, or alternatively, a role in haustorial wall maintenance. The higher expression of mannosidases in advanced stages of the infection has been reported in other rusts [23] . Moreover, two glucanases from family 16 (PST79_11351, PST79_11352) were massively upregulated in germinated spores, which may have implications for host invasion. In barley, alpha-galactosidase activity is essential during leaf development by loosening cell walls and in cell wall expansion [54] . Thus, the higher expression of these enzymes may suggest that this is a fungal strategy to impede reinforcement of the host cell wall at the site of haustorial interaction. Additionally, eight Pst transcripts encoded proteins similar to b-1,3-glucanases, four of which were up-regulated in germinated spores (PST79_5045, PST79_2573, PST79_9378, PST79_8761) and one in haustoria (PST79_5049). These could potentially play roles either in fungal cell wall remodelling or degradation of plant callose. The remaining GHs were similar to enzymes required for glucan synthesis and fungal cell wall remodeling (almost all upregulated in germinated spores), posttranscriptional modification of cell wall proteins, chitinases (almost all up-regulated in haustoria) and glycogen breakdown.
Related to cell wall modification, we also found genes with strong similarity to chitin synthases (mostly up-regulated in germinated spores) and carbohydrate deacetylases (including chitin deacetylases), which were massively up-regulated in germinated spores. Chitin deacetylases are of particular interest because they convert chitin into the less rigid chitosan, potentially avoiding recognition by plant chitin receptors [55] . The genomes of Pgt and Mlp [23] as well as the secretome of the symbiont Laccaria bicolor [56] , were also found to be enriched in chitin deacetylase genes. Expression profiling of the biotrophic stage of the coffee rust Hemileia vastatrix suggested that two chitin deacetylases were most strongly expressed in the early stages of host invasion, coinciding with spore germination and tissue invasion [57] . Likewise, the rust fungus Uromyces viciae-fabae exhibits massive chitin deacetylase activity when the fungus starts to penetrate through the stomata [58] . An overall view of the data suggests complex regulation of GHs during fungal development to achieve a balance between the degradation of plant cell wall polysaccharides without triggering an immune response, and remodeling of the fungal cell wall via both degradation and synthesis to allow growth and development.
Transport proteins. Nutrient acquisition is presumed to be a major role of haustoria in rust infection. We therefore searched for potential nutrient transporters by BLASTx of the Pst contigs set against the NCBI non-redundant protein and the Transport Classification databases (TCDB: http://www.tcdb.org). The initial cut off for evaluation was e-value ,10
225 , and the hits were further annotated manually to remove alignments of less than 100 amino acid residues. The major transporter classes that we found constituted those for amino acids and oligopeptides, sugars, small molecules and ions, and the vitamin co-factor nicotinic acid. Some of these were expressed differentially in a manner that gives insight to the pathogenic strategy of the fungus (Table S4, Transporters) .
Amino acid and oligopeptide transporters. Pathogenic fungi have a large requirement for nitrogenous compounds for macromolecule biosynthesis. The best characterized haustorial amino acid transporters are from U. fabae: AAT1p [59] , AAT2p [22] and AAT3p [60] . In our data we found very close homologs to all three transporters (PST79_2586, PST79_1706, PST79_2986), each of which were expressed at very low levels in germinated spores, but expressed highly in haustoria, especially the AAT2 homolog. We also found three other putative amino acid transporters, one highly similar to AAT3 (PST79_3074) that was expressed strongly in germinated spores but at low levels in haustoria. Similarly to U. fabae [16] , our data suggest that most amino acid uptake occurs via haustoria, but the high expression of one amino acid transporter in germinated spores might suggest that uptake can also occur from other cell types such as infective hyphae. It would be very interesting to test the specificity and affinity of Pst putative amino acid transporters; presumably the early expressed transporter should show very high affinity because of the scarcity of nutrients in the apoplast. In addition to this, eight predicted oligopeptide transporters (OPT) were found in our data, three up-regulated in haustoria (PST79_9468, PST79_1656, PST79_8271), one in germinated spores (PST79_2988) and the other four did not show expression biases. The amplification of the OPT gene family in Pgt and Mlp was proposed to be a genomic adaptation of these pathogens to obtain amino acids, nitrogen and carbon from oligopeptides derived from their host [23] . Overall our data suggest that haustoria are more active than germinated spores in uptake of amino acid compounds, although the early expression of some of those transporters could be crucial for the pathogen's development.
ABC and MFS transporters. ABC transporters constitute a large superfamily of primary active transport systems that are present in all kingdoms of life, and play diverse physiological roles in trafficking of a wide range of substrates across internal and external membranes. These transporters represent one of the largest and most ancient transporter classes and derive their name from the shared highly conserved domain, the ATP binding cassette (ABC), which binds and hydrolyzes ATP [61] . MFS transporters are an ancient class of single-polypeptide secondary carriers which transport small solutes in response to chemiosmotic ion gradients [62] . We identified twelve transcripts encoding proteins with similarity to ABC transporters in the Pst transcriptome, but only three of these showed differential expression (PST79_11360, PST79_10409, PST79_132, up-regulated in germinated spores), so no generalizations about biological function were possible. In other biotrophic pathogens such as Blumeria graminis f.sp. hordei, a marked reduction in the number of genomeencoded ABC transporters (only 20) has been correlated with the loss of secondary metabolic enzymes, reported as the lowest number known in fungi [24] . In contrast, ABC transporters seem to play an important role during pathogenesis for the hemibiotroph M. oryzae, especially in the appressorial stage where far more ABC transporters are expressed than in any of the studied stages of Pst [63, 64, 65] . This may reflect a need for the pathogen to exclude small molecule defense compounds secreted by the host, and to deploy secondary metabolites during tissue colonization [65] . We also identified twenty six transcripts annotated as MFS-like transporters, 16 with putative substrates, and ten classified as general MFS transporters. Of the general MFS transporters, six were expressed preferentially in germinated spores (PST79_7841, PST79_11441, PST79_3438, PST79_8377, PST79_3969, PST79_87060), and two in haustoria (PST79_96, PST79_7181). Duplessis et.al [23] reported 51 and 88 MFS transporter genes in the Pgt and Mlp genomes respectively, however while the total number of such transporters in the Pst genome is presumably similar, only a few of them were expressed during the developmental stages and sampling conditions studied here. Nevertheless, most of the MFS transporters in Pst were preferentially expressed in germinated spores, which is the first infectious stage that encounters host defence. This could suggest that although rust pathogens are also equipped to export toxins or metabolites, the most important roles of these proteins is in growth and development.
Sugar transporters. Three putative glucose transporters (MFS), seven unspecified sugar transporters (MFS), one mannose transporter and one oligosaccharide translocation protein were identified in our set of transcripts. One of the transcripts classified as a glucose transporter in Pst (PST79_113) shares 92% similarity at the amino acid level with the hexose transporter HXT1p of U.fabae [14] . This gene showed the highest haustorial expression of all of the sugar transporters identified, and similarly to Uf-HXT1, showed almost no expression in germinated spores. The expression pattern of Uf-HXT1p is very similar to the amino acid transporter Uf-AAT2p [14] . Interestingly, the haustorial expression values for the Pst homologs of these two transporters were also almost identical, suggesting that expression of these genes is coordinated across different rust species. We also identified three Pst homologs of the H + -ATPase transporter Uf-PMA1 (PST79_1028, PST79_343, PST79_4481) which is believed to be important for establishment of a proton gradient for coupling substrate translocation into haustoria [66] . Similarly to Uf-PMA1, all of the Pst homologs were expressed more strongly in germinated spores than haustoria [67] . Biochemical characterization of this U. fabae ATPase showed that despite the higher transcript levels in germinated spores than in haustoria, its enzymatic activity is far greater in haustoria where it may act as a proton-substrate symport mechanism for Uf-HXT1p [67, 68] . Thus, this mechanism may be conserved in Pst and potentially outlines a conserved transport mechanism for glucose that is key to the biotrophic lifestyle of rusts.
The remaining two putative glucose transporters (PST79_2057, PST79_2930) were up-regulated in germinated spores, suggesting that the fungus prepares for tissue invasion and is poised to exploit host carbohydrates as a nutritional source, or alternatively that these could export substrates for cell wall synthesis. M. oryzae expresses sugar transporters at an analogous stage; during appresoria formation but before tissue penetration, supporting our reasoning [65] . Finally, of the seven unspecified sugar transporters, three were up-regulated in haustoria and three were more strongly expressed in germinated spores. One of the genes expressed in germinated spores (PST79_2314) has a high similarity to STL1 (e-val 1610 2101 with the Saccharomyces cereviseae gene), a glycerol-proton symporter that is inactivated by glucose [69] . This might suggest that glycerol could be a primary carbon source, or alternatively plays a role as an osmoprotectant during spore germination, as has been shown for other fungi [70, 71, 72, 73] .
Phosphate transporters. Inorganic phosphate is an essential nutrient required for the synthesis of nucleic acids, phospholipids, cellular metabolites, and protein modification, reactions that require high phosphate concentrations [74] . We identified four transcripts encoding different phosphate transporters from our dataset. One of these was annotated as the phosphate translocator of the inner mitochondria membrane, discussed below. From the remaining three, two were up-regulated in germinated spores (PST79_3467, PST79_11745) and annotated as inorganic phosphate transporters related to Pho84, a phosphate starvation-inducible high-affinity H + /PO 4 32 symporter [75] . The third transporter (PST79_8877) was annotated as an SPX-domain containing protein, a domain often present in proteins involved in regulating inorganic phosphate homeostasis [76] . In budding Saccharomyces cerevisiae cells, response to phosphate starvation includes the up-regulation of the activity of a high-affinity phosphate uptake system [77] . Pho84p is one of the key proteins in this phosphate transport system, which is regulated transcriptionally in response to extracellular phosphate levels sensed by a phosphate-responsive signal transduction pathway [78] . The expression of this gene is greatly induced in low-phosphate medium and is essential for growth under low-phosphate conditions [75] . The presence of a homologous gene in Pst and its up-regulation in germinated spores could suggest that similar phosphate starvation sensing/signalling mechanisms exist in rusts, which could be crucial for cell cycle progression and growth as has been shown in yeast [79] . In addition, thirteen transcripts similar to putative ion transporters with specificities for Ca Nicotinic acid transporters. Nicotinic acid is an essential cofactor for many enzymic processes. We found four transcripts (PST79_362, PST79_7845, PST79_4348, PST79_3107) encoding proteins with similarities to the S. cereviseae nicotinic acid transporter TNA1 (e-value ,1610
230 ) [80] in our data, one of them notably up-regulated in haustoria. Vitamin B3 (nicotinamide and nicotinic acid) is essential to living cells because it can be converted to nicotinamide adenine dinucleotide (NAD + ), which can be reduced to NADH or the phosphorylated form NADPH. Generally, NADPH is a reductive intermediate for biosynthesis pathways, whereas NADH is an energy precursor and protects against oxidative damage. Thus uptake of host-derived niacin could be important in the haustorial stage which is greatly involved in energy production, biosynthesis of molecules for spore formation, and protection against oxidative stresses. Duplessis et al. [23] reported the in planta expression of four Mlp genes with similarity to S. cereviseae TNA1 permease at 96 hpi, supporting the idea that uptake of host nicotinic acid plays an important role during the advanced stages of the infection. We also searched for contigs that encode enzymes required for de novo synthesis of niacin from tryptophan. The known pathway in organisms that use tryptophan as a source for NAD + (including yeasts, humans and some bacteria) involves six enzymes; we were able to identify five of these in our dataset, two of which were up-regulated in haustoria (Table S3 , General metabolism). Thus it remains an open question whether Pst can synthesize niacin de novo, or it relies exclusively on its host for obtaining this essential cofactor.
Energy use -oxidative phosphorylation. Transcripts classified in this category were represented more in haustoria than in germinated spores (Figures 3 and 4) . Transcripts with similarity to genes involved in primary pathways of energy production comprising glycolysis, citric acid cycle, and oxidative phosphorylation were mostly up-regulated in haustoria (Table S5 , Energy metabolism). Similar observations have been made for the obligate biotrophs U. fabae [81] and Blumeria graminis [82] where genes related to glycolysis are up-regulated during the parasitic stage. Those few Pst genes with higher expression in germinated spores corresponded to the key enzymes of the glyoxalate cycle, which will be described later. In addition, a phosphate translocator of the inner mitochondria membrane (PST79_4938), which carries out the coupled transport of H 2 P0 4 2 and H + for subsequent ATP synthesis via the electron transport chain, was massively up-regulated in haustoria, consistent with a high demand for ATP in this tissue. This could be a consequence of the different nutritional status of haustoria and germinated spores. While the stored energy resources are limited in spores, haustoria can derive sugars abundantly from the host to feed energy production pathways and drive biosynthetic pathways for subsequent development ( Figure 5) .
Fatty acid metabolism. Acetyl-CoA is the basic currency of carbon metabolism within the cell. It is the immediate product of carbohydrate catabolism and b-oxidation of fatty acids, and when in excess, can be used for biosynthetic processes through the glyoxylate cycle, gluconeogenesis and glyceroneogenesis pathways. In our transcriptomic study, the gene for triacylglycerol lipase (PST79_8009) together with nearly all those for the enzymes of glyoxylate cycle, gluconeogenesis and glyceroneogenesis were significantly up-regulated in germinated spores compared with haustoria (Table S3 , General metabolism). This suggests that the activity of metabolic pathways for converting fatty acids into carbohydrates is important in the initial stages of infection. Key genes involved in b-oxidation of fatty acids such acyl-CoA dehydrogenase (PST79_1352) and enoyl-CoA hydratase (PST79_4902) were also up-regulated in germinated spores, suggesting that once triaglycerides are broken down, the released fatty acids are oxidised and the acetyl-CoA produced can be fed into gluconeogenesis by means of the glyoxylate cycle. The two key enzymes in the glyoxylate cycle, isocitrate lyase (PST79_6444) and malate synthase (PST79_4401), were highly up-regulated in germinated spores. However, malate dehydrogenase and citrate synthase, two other enzymes in this cycle, did not show the same biased expression pattern between the two tissue types. Malate dehydrogenase participates in the glyoxylate cycle and is also involved in the malate-aspartate shuttle, which is the system responsible for translocating electrons produced in glycolysis through the mitochondrial membrane for oxidative phosphorylation. Thus, the role of this enzyme is expected to be important in germinated spores but also in haustoria because of their high glycolytic activity. Apart from fatty acids, the second product of the triaglycerol breakdown is glycerol. This compound can be converted to intermediates of gluconeogenesis by means of glycerol kinase (PST79_6140) and glycerol-3-phosphate dehydrogenase (PST79_3414), genes which also showed significant upregulation in germinated spores. As mentioned previously, a gene similar to STL1 (encoding a glycerol transporter) was also upregulated in germinated spores, which suggests that glycerol derived from the host apoplast could be taken up and incorporated via the gluconeogenic pathway. Finally, genes encoding enzymes involved in glycogen breakdown were also up-regulated in germinated spores, which also results in glycerol production. In Pgt uredinospores, as well as spores of other plant fungal pathogens, glycogen is a stored energy source that is utilized during germ tube extension [83, 84] . These observations are consistent with data from other biotrophic and hemibiotrophic fungi such as B. graminis and M. oryzae [65, 82] , where similar metabolic activity has been detected in early stages of the infection. Overall, our results point towards spore germination utilising stored compounds including lipids and glycogen as sources for energy production (Figure 6 ), whereas the massive upregulation of HXT1 and enzymes of glycolysis, TCA cycle and oxidative phosphorylation in haustoria suggest that host-derived glucose is the primary carbon source.
Pentose Phosphate Shunt (PPS). The PPS is an alternative fate for glucose which produces NADPH and ribose-5-phosphate. Ribose-5-phosphate can be used for nucleotide synthesis (oxidative branch), or recycled for energy production via glycolysis (nonoxidative branch). An important product of the PPS is the reductant NADPH, which is used almost exclusively in anabolic pathways, for example biosynthesis of fatty acids, amino acids and nucleotides including ATP. We found evidence for expression of all enzymes of the PPS in both germinated spores and haustorial (Table S3 , General metabolism). Interestingly, all of the enzymes participating in the oxidative branch of this pathway showed an expression bias in haustoria as did transaldolase, which belongs to the non-oxidative branch. In germinated spores, the genes encoding the enzymes ribulose-phosphate 3-epimerase (PST79_10575) and phosphoglucomutase (PST79_5659) were up-regulated. The ability of this pathway to work in different directions suggests that it could play different roles in each tissue type. While both tissues are expected to have a strong requirement for biosynthetic processes, this is expected to be higher in haustoria which presumably contribute to provision and transport of substrates to fuel the growing infection and eventual spore biogenesis ( Figure 5) . Thus, the haustorial PPS seems to engage the oxidative arm for maximal NADP + reduction and ribose-5-phosphate production. Additionally, an important enzyme of the non-oxidative branch, transaldolase, showed higher expression in haustoria than in germinated spores. The non-oxidative branch can convert five carbon sugars into six and three carbon sugars, which are fed into glycolysis. This would appear to be unnecessary in haustoria which should not be limited for glucose. Alternatively, the non-oxidative arm of PPS may work in the opposite direction, taking fructose-6-phosphate and glyceraldehyde-3-phosphate generated by glycolysis to produce ribose-5-phosphate, which is the basis of production of ATP, NAD + and nucleic acids. However, the remainder of the enzymes that participate in the non-oxidative arm did not show a clear expression trend, which precludes clear conclusions on the role of this branch of the PPS. In Plasmodium falciparum, a human pathogen with an intracellular niche that is comparable to the rust haustorial stage, the oxidative arm is thought to operate during early stages of parasite development while the non-oxidative arm is active later in the cycle [85, 86] . These studies also showed that transcription of the PPS genes is not always coordinated, with activity of the pathway as a whole often dependent on expression of a single gene whose transcription is the rate limiting step for deployment of the pathway's activity. In B. graminis, the absence of clear coordination in expression of the enzymes of PPS has also been observed [82] . These discrepancies Figure 5 . Metabolic processes in haustoria. Metabolic processes or specific enzymatic activities overrepresented in haustoria identified by B2G analysis and manual annotation are highlighted in this cartoon. Orange boxes and yellow ovals are metabolic processes or particular enzymes that showed statiscally significant upregulation in haustoria. Light orange boxes are metabolic processes where some genes showed statiscally significant upregulation in haustoria, and others showed a tendency to be more expressed in haustoria but were not statistically significant. doi:10.1371/journal.pone.0067150.g005 require direct biochemical investigation which will provide more clues about the physiological implications of these patterns.
Thiamine biosynthesis. A number of metabolic enzymes require the vitamin B1 derivative thiamine pyrophosphate as a cofactor. Examples from the pathways described here include alpha-ketoglutarate dehydrogenase (a-KGDH) in the TCA cycle; transketolase in the non-oxidative PPS; and pyruvate dehydrogenase (PDH) which connects glycolysis and the TCA cycle. We found that transcripts associated with the thiamine biosynthesis pathway were massively up-regulated in haustoria, with the exception of the genes for thiamine-phosphate kinase and thiamine pyrophosphokinase which could not be found in our data. These enzymes are responsible for phosphorylating thiamine phosphate and thiamine diphosphate respectively, and interestingly, the latter is also absent in the genome of the malarial parasite P. falciparum [85] . The genes we found include those encoding homologs of thiamine biosynthesis genes THI1 (4-amino-5-hydroxymethyl-2-methylpyrimidine phosphate synthase)(PST79_1423, PST79_612, PST79_1422) and TH2 (hydroxyethylthiazole phosphate synthase)(PST79_882) from U. fabae identified previously by Hahn and Mendgen [13] . The massive expression of these genes almost exclusively in haustoria agrees with studies done in other rusts [23, 28] , but it is not clear why the pathogen requires such high expression at this stage, which seems excessive if the role is simply to produce sufficient cofactors for metabolic enzymes. One explanation may be that thiamine is exported to other tissues. Alternatively, thiamine is known to alleviate stress in different organisms as an antioxidant. It is interesting that in the oomycetes, all haustorium-forming species have lost the thiamine biosynthetic pathway [87] , which suggests that they must obtain thiamine from the host.
Nitrogen metabolism. Previous genome studies of obligately biotrophic fungal plant pathogens have noted the absence of genes encoding enzymes for nitrate and sulfur assimilation [23, 24] . Likewise, we were unable to identify genes for nitrate reductase or nitrite reductase, or for a nitrate transporter that could import nitrate directly from host tissue. Instead, we found a transcript encoding a protein with very high similarity to an ammonium transporter (PST79_5204) expressed in both germinated spores and haustoria. Ammonium is the preferred form of nitrogen for most organisms [88] and is assimilated into glutamate and glutamine. Glutamate synthase and glutamine synthetase are the key enzymes involved in ammonia assimilation. Glutamate is formed from a-ketoglutarate and glutamine in a reaction that is catalyzed by glutamate synthetase, followed by amination of glutamate by NH4
+ to form glutamine catalyzed by glutamine synthetase. Subsequently, glutamate is used to synthesise the majority of amino acids, whereas glutamine serves as an aminodonor during other biosynthetic processes. Interestingly, the transcripts encoding genes for both glutamine (PST79_3032) and glutamate synthase (PST79_2575) identified here were upregulated in haustoria, consistent with a greater role for biosynthesis in this organ. Genes encoding other enzymes that participate in subsequent steps including glutamate dehydrogenase (PST79_536), aspartate aminotransferase (PST79_7929), asparagine synthase (PST79_1116) and asparaginase (PST79_83), were all expressed in both tissues, suggesting nitrogen compounds obtained from the host can be converted freely into compounds required for pathogen growth and development.
Sulfur metabolism. Sulfur is an essential component of living cells as it is a fundamental component of the amino acids methionine and cysteine, Coenzyme A, and iron-sulfur enzymes. Most fungi take up sulfur as sulfate which is reduced to sulfide as a precursor of cysteine [89] . Despite this, the steps for sulfate assimilation are energetically expensive and fungi prefer to utilise cysteine or methione. To date, enzymes for sulfate uptake and reduction have not been identified in obligate biotrophs such as Hyaloperonospora arabidopsidis [90] , B. graminis [24] , or P. graminis f.sp. tritici [23] . In addition, genes encoding enzymes for sulfate reduction including sulfite reductase and phosphoadenosine phosphosulfate reductase were absent, consistent with observations for other obligate plant pathogens. However, we found a contig (PST79_3132) that encodes a transporter with very high similarity to S-methylmethionine (SMM) permease, which was almost exclusively expressed in haustoria compared to germinated spores. This is interesting because SMM is present at very high levels in wheat phloem [91] and as such, could be an abundant source of sulfur metabolites for the parasite. Apart from this, we were unable to identify candidate cysteine or methionine transporters in our data. Lastly, we identified a gene encoding cysteine synthase (PST79_10177), which assimilates reduced sulfur (S 22 ) into cysteine, expressed at low levels in both tissues. Genes with high similarities with those involved in the interconversion of homocysteine and cysteine through the intermediary formation of cystathionine (transsulfuration pathways) were also identified. This pathway creates cysteine from methionine.
Glutathione metabolism. Glutathione provides redox buffering to cells, and plays a role in many cellular processes including iron metabolism [92] . The anti-oxidant properties of glutathione contribute to anti-defence against host active oxygen compounds. Glutathione is derived from the amino acids glycine, glutamate and cysteine. The two key enzymes for synthesis of glutathione are glutamate-cysteine ligase (PST79_3565) and glutathione synthetase (PST79_1178).Both of these genes showed greater expression in haustoria, and PST79_3565 was significantly upregulated. This could suggest an ongoing need for antioxidants in the static haustorial stage which is exposed to plant defences. We also note that glutathione reductase (PST79_10658) and glutathione peroxidase (PST79_5949)(enzymes involved in the redox balance) as well as genes involved in the response to oxidative stress were more highly expressed in germinated spores than in haustoria (Table S3 , General metabolism). All this would suggest the presence of glutathione in spores prior to development. Thus, one function of haustoria could be to synthesise glutathione for subsequent deposition into new spores as a pre-formed environmental defence.
Cytochrome P450s. Cytochrome P450s comprise a diverse superfamily of proteins containing a heme cofactor that catalyse the oxidation of organic substances. Among their most common substrates are steroidal molecules as well as drugs and toxins. The P450 system is important in fungal evolution for adaptation to ecological niches [93] , and its potential role in compound detoxification including metabolism of plant defense molecules [13, 94] . A total of 29 and 17 P450s are encoded by the genomes of M. larici-populina and P. graminis f. sp. tritici [23] respectively. In the current dataset, we identified only eight expressed P450 genes, five of which were up-regulated in haustoria (Table S3 , General metabolism). One of the P450s (PST79_8680) we identified is highly similar to CYP51A1, a lanosterol 14 alpha-demethylase, required for conversion of lanosterol to cholesterol. This enzyme is targeted by the commonly used azole class of antifungal drugs, which occupy the active site of the enzyme inhibiting the production of ergosterol, a component of the fungal cell membrane [95] . Two other P450s (PST79_1792, PST79_1793) up-regulated in haustoria belong to the CYP67 family, which was first reported in U. fabae as an in planta-induced gene [13] . The remaining genes encode unspecified mono-oxygenases.
Transcription factors. Overall, our analysis revealed approximately 37 transcripts encoding proteins related to transcription factor activity, from both haustoria and germinated spores ( Figure 4 and Table S6, HeatMap). Despite this, it is difficult to obtain specific insight into the patterns and functions of these genes. However, there were a few exceptions where we could predict a possible function based on BLAST2GO and BLASTx searches (Table S3 , General metabolism). One of the most interesting genes found in our data set was a Ste12-like gene (PST79_9215), which was up-regulated in haustoria. Ste12 was first identified in a yeast sterile mutant, and multiple studies have shown that Ste12-like genes play major roles in regulating morphogenetic programs in response to environmental changes (see review [96] ). Yeast Ste12 is an important regulator of invasive growth and pseudohyphal development [97] and its homologs in a number of fungi are important for sexual development and pathogenicity [98, 99, 100, 101] . In the root pathogen Fusarium oxysporum, a ste12 mutant was impaired in pathogenesis on tomato and the pathogen could not differentiate into specialized infectious structures [102] . In the hemibiotrophic fungal pathogens Colletotrichum lagenarium, Colletotrichum lindemuthianum and M. oryzae, Ste12-like genes are important for penetration of leaf surfaces from appresoria and subsequent invasive growth [100, 103, 104] . Moreover, some evidence suggests that Ste12 plays a role in host penetration of the arbuscular mycorrhiza Glomus intraradices [105] . Although the role of Ste12 transcription factor in rust fungi is unknown, we suggest that the Pst homolog could play a role in specifying haustorial development.
A second interesting gene was the homolog of TUP1 (PST79_2626), a conserved transcriptional regulator from fungi and mammals, which controls dimorphism in certain fungi [106, 107] . The change in morphology between yeast-like growth and a filamentous state in response to environmental signals is frequently associated with virulence in plant pathogenic fungi [106] . TUP1 plays a central role in controlling the expression of the genes implicated in the genetic control of mating, filamentation, and pathogenic development of Ustilago maydis [108] . Analyzing the function of TUP1 in rust fungi could provide a better understand of how it acts within the unique biological context in which these pathogens develop.
Lastly, five other genes associated with transcription factor activity were found in our data, encoding a putative CCAAT-box binding factor (PST79_5498), a putative activator of basal transcription (PST79_5377), an MCM-domain-containing protein (minichromosome maintenance ATPase) (PST79_3174), a putative bZIP transcription factor (PST79_8536) and a gene with similarity to the regulator Cys3 (PST79_492) reported originally in Neurospora crassa [109] . Cys3 controls the synthesis of a set of catabolic enzymes for utilization of secondary sulfur sources when sulfur-containing amino acids and inorganic sulfate are missing or limited [110] . The presence of a similar gene in Pst might suggest that secondary sulfur sources play a role in biotrophy, and upregulation of this gene in haustoria could suggest these sources are derived from the host.
Signal transduction. Cellular differentiation and filamentous growth are finely regulated in many fungi in response to environmental and nutritional signals. External stimuli must be transmitted within the fungus by signal transduction pathways to enable the appropriate response. Our transcriptomic analysis revealed high expression of signal transduction components in both germinated spores and haustoria. Transcripts encoding proteins related to two component response regulators, the Ras protein superfamily of guanine nucleotide exchange factors, and diverse protein kinases were most highly represented. In fungi, two-component signalling systems participate in processes such as environmental sensing, oxidative stress response, cell-cycle control, and switching between non-pathogenic and pathogenic states [111, 112, 113] . They are typically composed of a sensor-kinase protein, a phosphorelay protein, and a response regulator. We found genes encoding two-component regulatory proteins in both haustoria and germinated spores (Table S6 , HeatMap). Generally, the proteins expressed in each tissue were distinct, consistent with the idea that they respond to different stimuli. There was a larger representation of these genes in germinated spores suggesting a more complex interpretation of environmental signals prior to development of the haustorial structure. One gene up-regulated in germinated spores (PST79_186) has high similarity to Os-1, a twocomponent histidine kinase originally isolated from Neurospora crassa. Os-1, also known as Nik-1, is required for adaptation to high osmolarity [114, 115] . Three groups of selective fungicides target the osmotic stress signal transduction pathway [116, 117] . Intracellular osmotic pressure plays important roles in fungal development, for example as inside the M. oryzae appresorium [118] . Although disruption of HIK1 (Os-1) in this pathogen caused no defect in growth on normal media or in pathogenicity to rice plants, the mutant strain acquired resistance to three groups of fungicides (phenylpyrroles, dicarboximides, and aromatic hydrocarbons) [119] . The almost exclusive expression of this gene in Pst germinated spores suggests that the osmosensitive signal transduction pathway could play a role in the early stages of stripe rust disease.
Ras proteins are a superfamily of guanine nucleotide exchange factors in which the phosphorylation status of the bound nucleotide operates a binary switch. They have numerous signaling roles in cellular functions including cytoskeletal integrity, proliferation, differentiation, cell adhesion, and cell migration. Ras proteins are active in the GTP-bound form, which is promoted by guanine nucleotide exchange factors (GEF) in an exchange reaction with GDP, and deactivated by GTPase activating proteins (GAP) that promote dephosphorylation of the bound GTP nucleotide. We identified evidence of expression of genes encoding proteins with similarity to Ras proteins called ADP ribosylation factors (ARF) in both sampled tissues, which is of particular interest to rust pathogenesis because they regulate vesicular traffic, phospholipid metabolism and actin remodelling.
Other genes encoding other types of Ras protein as well as GEFs and GAPs were also found in both tissues, suggesting complete representation of these complex molecular switches that regulate cell fate.
Conclusions
Transcriptome studies such as the current work considerably enhance analysis of genome information. The 454 platform used here gives significantly longer reads than Illumina, which both helps with transcript assembly and demonstrates gene expression. In contrast, small-read based assemblies are subject to assembly errors and the uncertainties of gene prediction, although these also benefit from annotation with transcriptomic data. One important aspect of defining transcriptomes, as described here, is that it cuts through the complexity of the genome. Thus, while the predicted coding capacity of rust genomes is ,22,000 genes, we identified ,12,000 expressed contigs in the sampled tissues. Presumably, many of the remaining genes are expressed in different contexts (for example on the alternate host, or as part of different spore stages), or were simply undetected or unassembled in our study. Although isolation of haustoria is a very powerful way to track the pathogenic stage of the fungus, we did not analyse infected tissue which includes the infectious hyphal stage that presumably also secretes effector proteins. Another important aspect of our study is quantification of expression using Illumina data, which considerably enhances the accuracy and reliability of our expression measurements. Thus, use of 454 and Illumina together provides a robust expression data set. This allowed us to predict a suite of 437 potential effector genes, defined chiefly as genes upregulated in haustoria that encode secreted proteins. We also note that not all secreted proteins will be virulence effectors, and some within our dataset show clear hallmarks of roles in fungal cell wall modification.
The current data provide a comprehensive view of the stripe rust transcriptome in germinated spores and haustorial stages. Overall, the fungus seems to use similar biochemical pathways to those described in better characterised species such as M. oryzae, but with adaptation to the particular pathogenic lifecyle of wheat rusts. Haustoria and spores are clearly working in different ways. The germinating spores prioritises polarised growth from stored energy until such time as it is able to mine its own resources, whereas haustoria are a sessile stage devoted to nutrient extraction and defence suppression. The uredinospore contains vast stores of energy in the form of lipid bodies, sugar alcohols and proteins [120, 121] to allow the foraging germling to find the pathogenic niche, and in that sense is analogous to a plant seed. From our data, we can see that haustoria create abundant demand for sugars, amino acids, and nitrogen, through high expression of transporters for these fundamental building blocks. In addition, we propose a new mechanism for sulphur assimilation by uptake of methylmethionine. Sugars are used immediately by haustoria for the production of ATP through glycolysis, TCA cycle and oxidative phosphoryation. By contrast, spores seem to obtain energy by utilising lipid resources via the glyoxylate pathway. A further important haustorial function is biosynthesis of macromolecules, and it is clear that steady production of the reductant NADPH is made possible by import of nicotinic acid through dedicated transporters, and its ultimate conversion to NADPH by the PPS. Spores also use the PPS but it is likely that this is works in the opposite (oxidative) direction, for energy production. Molecules made in haustoria are presumably exported directly to spores for biogenesis and storage, so the molecular pathways active in haustoria should reflect spore composition directly. With respect to the completeness of our dataset, we note as have previous authors that many genes are novel so cannot be annotated. For this reason, it is difficult to exclude the presence of certain genes with major implications for the biotrophic lifecycle, such as N and S assimilation. Of course, the absence of these genes could also be ascribed to low expression of miss-assembly of small reads. These are important challenges for the field because barring technological breakthroughs, most fungal genome sequences are likely to have large components of small sequence reads in their genesis.
Materials and Methods
Strains and Culture Conditions
Seedlings of the Pst-susceptible wheat cultivar Morocco were grown in the greenhouse under 70% relative humidity at 21uC and 16:8 light:dark cycle. Seven-day old seedlings were inoculated with fresh uredinospores of P. striiformis f.sp. tritici strain 104E137A- [1] , and incubated for 48 h in 100% humidity at 9uC in the dark. Subsequently plants were transferred to a growth chamber at 17uC with a 16:8 light cycle. About 20 grams of heavily infected tissue were collected 9 days after infection (dai; just prior to sporulation) and immediately processed for haustoria isolation. Germinated spores were obtained by germination of about 80 mg of fresh spores harvested from infected leaves 17 dai on sterile distilled water at 9uC for 15 h in the dark. Germinated spores were collected by filtration with an 11 mm nylon mesh, and frozen in liquid nitrogen and stored at 280 prior to extraction of total RNA.
Haustoria Isolation
For 454-based transcriptome analysis, haustoria were isolated from stripe rust-infected Morocco leaves at 9 dai by Concanavalin A affinity chromatography (Text S1 and Figure S4 ) [122] . Fifteen separate preparations were made each from 20 g of infected wheat leaves that were sequentially washed with chilled tap water, 2% bleach, water, 70% ethanol and Milli-Q purified water. Haustorial isolation was performed as described [123] using a final 20 mm pore nylon mesh to remove the bulk of the plant cell material before affinity purification. Purified haustoria were pelleted by centrifugation at 14,000 g for 5 min, frozen in liquid nitrogen and store at 280uC prior to RNA isolation.
For Illumina RNAseq expression profiling, haustoria were purified by a Percoll gradient method. Twenty g of infected wheat leaves were treated as above, but after passing through the 20 mm mesh, the filtrate was centrifuged at 1080 g for 15 min at 4uC and the resulting pellet was resuspended in 20 ml of 16isolation buffer [0.2 M sucrose, 20 mM MOPS pH 7.2] containing 30% Percoll.
The suspension was divided into four tubes and centrifuged at 25,000 g for 30 min at 4uC. The first 10 ml of each tube was recovered, diluted 10 times with 16 isolation buffer and centrifuged at 1080 g for 15 min at 4uC. The pellets were resuspended in 20 ml of 16 isolation buffer containing 25% Percoll and centrifuged at 25,000 g for 30 min at 4uC. The first 10 ml of each tube was recovered, diluted 10 times with 16 isolation buffer and centrifuged at 1080 g for 15 min at 4uC. The final pellet was frozen in liquid nitrogen and stored at 280uC prior to RNA isolation.
Light Microscopy
Bright field and fluorescence images of haustoria isolated by affinity chromatography were collected on a Leica DMR epifluorescence microscope using a 406 objective. Cells were labelled with 100 mg ml 21 FITC-conjugated wheatgerm agglutinin (Sigma) or Concanavalin A, Alexa Fluor 594 conjugate 10 mM (Invitrogen), by incubating them for 30 min at room temperature in phosphate-buffered saline. Viability tests were done on ultrapure haustoria isolated on Percoll gradients combined with flow cytometry (Garnica & Rathjen, manuscript submitted) by using CellTracker TM Orange CMRA (Invitrogen) following the manufacturer's instructions.
Isolation and Sequencing of mRNA
Frozen haustoria and germinated spores samples were ground in liquid nitrogen, and total RNA was isolated using the QIAGEN (Doncaster Australia) Plant RNeasy kit following the manufacturer's instructions. RNA was eluted in RNase-free water and checked for integrity on an Agilent 2100 Bioanalyzer. For 454 sequencing, approximately 5 mg of total RNA from isolated haustoria and 20 mg of total RNA from germinated spores were used to isolate mRNA using Dynabeads Oligo(dT) 18 (Dynal, Norway) according to the manufacturer's instructions. cDNA was produced and fragmented by nebulization, and 454-GS-FLX titanium pyrosequencing (single-end strategy) was carried out on a Roche 454 Titanium sequencer at the Biomolecular Resource Facility (Australian National University, Canberra, Australia). Half a plate was used following standard procedures recommended by Roche. Initial quality filtering of the raw reads was performed using Roche proprietary analysis software Newbler (software release 2.0.00.22) to remove poor quality reads and adapter sequences.
For Illumina sequencing, approximately 10 mg of total RNA per biological replicate of isolated haustoria and germinated spores were processed with the mRNA-Seq Sample Preparation kit from Illumina to produce the sequencing libraries. Quality and quantity controls were done on Agilent 2100 Bioanalyzer using a DNA 1000 chip kit and each library was diluted and used for sequencing using an Illumina Genome Analyser GX II platform. Libraries from haustoria samples and germinated spores samples were sequenced with 100-base paired-end reads.
Whole Transcriptome Analysis by 454 and Illumina Sequencing
CLC Genomic Workbench 4.0 software (http://www.clcbio. com/) was used for de novo assembly of 454 reads, prediction of ORFs, Illumina read mapping against reference contigs, computation of normalized counts (expressed in reads per kilobase of exon model per Million mapped reads -RPKM [41] ) and differential expression analysis. The parameters used for de novo assembly were similarity 0.97; length fraction 0.5; insertion cost 3; deletion cost 3; mismatch cost 2. The mapping of Illumina reads against reference contigs was done after removing adapter sequences and reads of low quality (trim quality score 0.05, max nucleotide ambiguities 2 and minimum number of nucleotides in reads = 35), allowing up to two base mismatches. Reads that mapped to multiple sites were assigned randomly and proportionally to one of the mapped sites. The random distribution was done proportionally to the number of unique matches that the genes to which it matches have, normalized by the transcript length.
Three biological replicates of each tissue were used for differential gene expression analysis. A 0.84-0.88 Pearson correlation coefficient was obtained for haustoria biological replicates and 0.88-0.93 for germinated spores biological replicates. The differential expression between haustoria and germinated spores samples was evaluated using Baggerley's test [42] by treating the same types of sample as one group. The genes with a false discovery rate (FDR) corrected P-value less than 0.05, a fold change .2 and a difference of at least 20 were considered to be significant. Short reads for the 454 and Illumina datasets were deposited in the NCBI Sequence Read Archive under the accession numbers SRR579533-40.
For the gene ontology (GO) classification the reference transcripts set created by pooling raw reads from both transcriptomes was analyzed using BLAST2GO 2.5.1 [36] . Parameters were set to maximum e-value ,10
225 , maximum number of alignments to report = 20 and highest scoring pair length = 33 amino acids. BLAST2GO was also used for GO functional enrichment analysis of the transcripts differentially expressed in both germinated spores and haustoria, by performing Fisher's exact test with false discovery rate (FDR) correction to obtain an adjusted P-value. Additionally, BLASTn and BLASTx screening against NCBI non-redundant nucleotide and protein databases were used for manual analysis. Only the transcripts that belonged to one of the functional categories were analysed manually to verify if more than one transcript represented the same gene, in which case it was annotated in Tables S3-S6 . For the remainder of the transcripts, which comprise anonymous sequences, this was not possible because different transcripts might have the same top hit without meaning that they were derived from the same gene. The haustorial transcriptome was further analysed with SignalP 3.0 [33] for signal peptide prediction, TMHMM 2.0 [34] for discarding predicted secreted proteins with transmembrane domains and TargetP [35] for discarding predicted secreted proteins with predicted mitochondrial location.
RT-PCR
Total RNA was isolated from infected (9 dai) and uninfected wheat leaves ground in liquid nitrogen and extracted using QIAGEN (Doncaster Australia) Plant RNeasy kit according to the manufacturer's instructions. For cDNA preparation, 2 mg of total RNA were mixed with 1 ml of oligo(dT) 18 and Milli-Q water up to 11 ml and heated at 70uC for 10 min, followed by cooling on ice for one minute. DTT was added to a final concentration of 1 mM together with 1 ml of dNTPs (10 mM), 4 ml of 56 superscript II buffer (supplied with superscript) and 0.5 ml of SuperScript III reverse transcriptase (200 U/ml, Invitrogen). After incubation for 1 h at 42uC, the reaction was stopped by heating 15 min at 70uC and 1 ml of RNase H (1 U/ml) was added to each tube and incubated for 20 min at 37uC. Target cDNAs were amplified using a dilution of 1:15 of the synthesized cDNA as template, specific primers forward and reverse and 26 PCR Master Mix (Promega). PCR was performed using a MiniCycler (MJ Research) and consisted of 30 cycles of denaturation at 94uC for 30 sec, annealing at 58uC for 30 sec and extension at 72uC for 1 min. Figure S4 Isolated haustoria by affinity chromatography. A. Stripe rust haustoria isolated by affinity chromatography. Hautoria isolated by ConA affinity chromatography using a 20 mm mesh to filter homogenized tissue and remove plant cell debris. Bright field image with differential-interference contrast, haustoria (black arrows) and contaminating chloroplasts can be seen. B. Fluorescence microscopy of isolated haustoria by affinity chromatography. Haustoria were isolated from infected tissue by ConA affinity chromatography as described in Materials and Methods. Bright field and fluorescent images showing isolated haustoria after 30 min incubation with WGA-FITC or ConA-Alexa 594. All images were collected on a Leica DMR epifluorescence microscope. (TIF) Table S1 Transcripts reference set. 12,282 EST contigs assembled from germinated spores and haustorial datasets were used as references to map Illumina RNA-seq data from the same tissues. Three biological replicates for haustoria (H1, H2, H3) and spores (S1, S2, S3) were used for sequencing. Differences between each tissue were established by RPKM values for each replicate which were subjected to Baggerley's test to provide statistical support for differences in gene expression. (XLSX) 
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